Introduction
============

Brain tumors are one of the most challenging diseases to treat and there remains an unmet medical need for effective treatments. Chemotherapy often fails due to the insufficient accumulation of drugs in the tumor sites and the subsequent development of drug resistance. Strategies for the reversal of resistance involve the inhibition of enzymes responsible for the efflux of drugs, the modulation of proteins regulating apoptosis, and the improvement of drug uptake using nanotechnologies. Over the past decade, there have been momentous developments in drug delivery systems, particularly in the use of nanotechnology-based delivery systems.

Polymeric liposomes have the advantage of being the least toxic for *in vivo* applications. Over the past decace, significant progress has been made in the delivery of DNA/RNA and small-molecule drugs ([@b1-ijmm-37-03-0690]--[@b3-ijmm-37-03-0690]). Multiple liposome formulations have been used clinically in the treatment of cancer and infectious diseases ([@b4-ijmm-37-03-0690]), and their applications in other diseases are currently being investigated in clinical trials ([@b5-ijmm-37-03-0690]). The development of clinically suitable liposome formulations has resulted from two major technological achievements: i) the inclusion of PEGylated lipids in the liposomes for the purposes of bypassing the reticuloendothelial system, resulting in significant drug accumulation in tumors ([@b6-ijmm-37-03-0690],[@b7-ijmm-37-03-0690]); and ii) the strategic development of a remote drug-loading process based on the ammonium sulfate gradient method, to achieve significantly high quantities of drugs in the liposomes ([@b8-ijmm-37-03-0690]). We have previously demonstrated that the 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[methoxy(polyethylene glycol)-2000\] (DSPE-PEG2000)-coated and quercetin (QUE)-loaded nanoliposomes (QUE-NLs) exhibited a hydrophilic layer on the surface, resulting in particle size increment, positive zeta ζ-potential, and enhanced physical stability ([@b9-ijmm-37-03-0690],[@b10-ijmm-37-03-0690]). Notably, DSPE-PEG2000 coating of particles is a simple and flexible technology used to alter the surface properties of liposomes, and is expected to have broad applications in anticancer drug delivery systems.

It has been previously demonstrated that QUE, as a potential chemopreventer, suppresses cancer cell growth, proliferation and metastasis, as well as the expression of mutant p53 ([@b11-ijmm-37-03-0690]), and also enhances death receptor-mediated apoptosis in glioma cells ([@b12-ijmm-37-03-0690],[@b13-ijmm-37-03-0690]). QUE is considered a potent free radical-scavenging antioxidant owing to its abundant hydroxyl groups and conjugated p orbitals, which donate electrons or hydrogens, and scavenge H~2~O~2~ and superoxide anions ([@b14-ijmm-37-03-0690]). QUE-mediated apoptosis may result from the induction of stress proteins, the disruption of microtubules, the stimulation of the release of cytochrome *c* and the activation of caspases ([@b15-ijmm-37-03-0690]--[@b17-ijmm-37-03-0690]), thus rendering QUE a promising candidate for cancer prevention and therapy. A recent study reported that the combination of QUE and temozolomide (TMZ), a FDA-approved drug for brain cancer treatment, exerted a synergistic effect in brain tumors *in vitro* ([@b18-ijmm-37-03-0690]).

In a previous study of ours ([@b10-ijmm-37-03-0690]), we reported that QUE/DSPE-PEG2000 showed significantly enhanced potency in glioma *in vitro* compared to free QUE. The aim of the present study was to evaluate the application of DSPE-PEG2000 as a nanocarrier for the combined delivery of QUE and TMZ for the treatment of glioma. We investigated the physicochemical properties, the release and clearance profiles, the biodistribution and the enhanced potency of QUE/TMZ-NLs in human U87 glioma cells and TMZ-resistant U87 cells (U87/TR cells), providing novel and significant insight into the application of QUE/TMZ-NLs for the treatment of brain tumors.

Materials and methods
=====================

Reagents and cell lines
-----------------------

DSPE-PEG2000 was purchased from Nippon Oil and Fats Co., Ltd., (Tokyo, Japan). Poloxamer 188 was purchased from BASF Aktiengesellschaft (Limburgerhof, Germany). Cholesterol and soy lecithin were purchased from Shanghai Youngsun Foods Co., Ltd. (Shanghai, China). Tween-80 was purchased from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China). Glyceryl behenate (Compritol ATO 888) was purchased from Gattefosse S.A. (Saint-Priest, France). QUE was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (NICPBP; Beijing, China). TMZ was purchased from Jiangsu Tasly Diyi Pharmaceutical Co., Ltd. (Jiangsu, China). Annexin V and proridium iodide (PI) were obtained from BestBio Biotechnologies Co., Ltd. (Shanghai, China). RPMI-1640, penicillin-streptomycin, trypsin-ethylenediaminetetraacetic acid (EDTA) and fetal bovine serum (FBS) were obtained from Gibco BRL/Life Technologies (Carlsbad, CA, USA). U87 glioma cells were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA).

Preparation of QUE/TMZ-NLs and QUE/TMZ-FITC-NLs
-----------------------------------------------

Both the QUE/TMZ-NL and the QUE/TMZ-FITC-NL suspensions were prepared by emulsification-evaporation and low temperature curing preparation as previously described ([@b19-ijmm-37-03-0690]). The aqueous phase consisted of poloxamer 188 and Tween-80 (1:1, w/v), dissolved in pure water and maintained in a water bath at 75°C. DSPE-PEG2000 dissolved in methanol (5.0 mg in 1.0 ml) was added dropwise into the aqueous phase with rapid stirring (1,000 rpm/min). The mixture was stirred for 30 min in a bath sonicator until the solution became brown/black and translucent. To remove the methanol, the solution was concentrated in a rotary evaporator at 70°C to 3.0 ml. The oil phase mainly consisted of glyceryl behenate, soy lecithin and cholesterol (1:2:1, w/w/w), and in addition, glyceryl behenate and cholesterol were melted in a water bath at 80°C. QUE, TMZ and soy lecithin (1:1:1, w/w/w) were dissolved in the ethanol-acetone (1:1, v/v) solvent, and the oil phase of the aforementioned mixed solvent was then injected into the aqueous phase through plastic needle tubing (internal diameter, 0.45 *µ*m; injection rate, 2.0 ml/min) under mechanical agitation at 1000 rpm. After stirring for 2 h, the liposomal suspension was cured at low temperatures of 0--4°C under mechanical agitation at 800 rpm. The suspension was then filtered through dialysis tubing to remove any unincorporated drugs. Briefly, the QUE/TMZ-NLs were injected into the dialysis tubing and the dialysis tubing was washed in mannitol solution and dialyzed 3 times to remove free QUE or TMZ (2 h for the first and the second washes, and 12 h for the third wash at 0--4°C). Finally, the purified QUE/TMZ-NLs were obtained and stored at 0--4°C. The QUE/TMZ-FITC-NLs were prepared by the addition of 200 *µ*l QUE/TMZ-FITC suspension to the liposomes. The mixture was sonicated in a water bath using a laboratory ultrasonic device at 250 Hz for 10 min. Prior to use in the cell experiments, the prepared QUE/TMZ-NLs were suspended in RPMI-1640 medium containing 10% (v/v) FBS using ultrasound. The control liposomes were also prepared using the same method without adding QUE or TMZ at any stage of the preparation process.

Characterization
----------------

The size and polydispersity index of the QUE/TMZ-NLs were determined using photon correlation spectroscopy with the use of a laser particle analyzer (Jinan Rise Science & Technology Co., Ltd). The ζ-potential was analyzed using a microscopic electrophoresis system (DXD-II; Jiangsu Optics Co., Ltd., Jiangsu, China) at 25°C. The morphology of the cells treated with the QUE/TMZ-NLs was observed under a transmission electron microscope (TEM-1200EX; JEOL Ltd., Tokyo, Japan). The samples were dissolved in deionized water contained in 1.0 ml quartz cuvettes, and the UV data were collected using a T90 UV-VIS spectrophotometer (Beijing Purkinje General Instrument Co., Ltd., Beijing, China). The concentration of the QUE/TMZ-NLs was then determined by the absorbance measured at 365 and 329 nm, by high-performance liquid chromatography (HPLC), using the experimentally determined extinction coefficient of 0.0101 l/mg.

Fourier transform infrared spectroscopy (FTIR)
----------------------------------------------

Infrared spectra of QUE, QUE-NLs, TMZ and QUE/TMZ-NLs were recorded on a FTIR spectrophotometer (PerkinElmer, Inc., Waltham, MA, USA) by the KBr disk method from 4,000 to 500 cm^−1^.

Entrapment efficiency (EE) and drug loading
-------------------------------------------

The free drugs were separated from the QUE/TMZ-NLs using a centrifugation technique for the measurement of EE. Briefly, the QUE/TMZ-NLs were diluted in 1.0 ml purified water and centrifuged at 16,000 × g for 15 min, and the supernatant containing free drugs was collected, and adjusted to a volume of 10 ml with ethanol for further analysis. A solution of 10% Triton X-100-ethanol (0.5 ml) was then added and incubated for 5 min to breakdown the liposomes and dissolve the QUE and TMZ. The mixture was then centrifuged at 16,000 × g for 10 min. The loading content and EE of QUE in the QUE/TMZ-NLs was analyzed by HPLC (Dionex Utimate 3000 HPLC System with an AD20 dual absorbance detector and computer; Thermo Fisher Scientific Inc., Sunnyvale, CA, USA) at 254 nm. The loading content and EE of TMZ in the QUE/TMZ-NLs were measured at 329 nm. A Diamond C18 column was used with the flow of 1.0 ml/min for the eluent \[methanol/0.5% acetic acid (10:90)\] during 0--19 min. The loading content was calculated as follows: loading content (%) = (weight of drug in the nanoparticles/weight of nanoparticles) ×100. The EE was calculated as follows: EE (%) = weight of drug in the nanoparticles/weight of the feeding drug ×100.

In vitro release assay
----------------------

The QUE/TMZ-NLs were dispersed in 2.0 ml of 10% (v/v) human plasma in phosphate-buffered saline (PBS). Each suspension was incubated with gentle shaking at 37°C throughout the experiment. At designated intervals, an aliquot (500 *µ*l) was withdrawn and centrifuged at 5,000 × g for 5 min at 4°C. After collecting the supernatant, the pellet of nano/microspheres were resuspended in the same volume of fresh release medium (500 *µ*l), and then returned to the sample suspension. The amounts of QUE or TMZ in the supernatant were determined by HPLC as described above.

Cellular uptake of QUE/TMZ-NLs
------------------------------

The uptake of QUE/TMZ-NLs by the U87 cells was analyzed by confocal fluorescence microscopy. The U87 cells were plated on two 4-well chamber slides at a density of 40,000 cells/well in low glucose RPMI-1640 medium with 10% FBS, and were cultured for 24 h. After washing the cells with PBS, fresh medium with 10% FBS was added. The QUE/TMZ-NLs, QUE/TMZ-FITC-NLs and free drugs were added to the cells at a final drug concentration of 0.25 *µ*g/ml and incubated at 37°C, in 5% CO~2~ and 99% humidity for 4 h. Prior to imaging, the cell culture medium was removed and the cells were washed twice with cold PBS and fixed using BD Cytofix/Cytoperm™ (BD Biosciences, Franklin Lakes, NJ, USA) at 4°C for 10 min. The samples were then mounted using Vecta Shield mounting medium containing DAPI (Vector Laboratories, Inc., (Burlingame, CA, USA) to label the nucleus. Images of the cellular uptake of the QUE/TMZ-NLs, free QUE or TMZ were captured using an Olympus FV1000 IX2 inverted confocal microscope with a 40×1.30 NA Olympus objective and FV10-ASW imaging software (Olympus Corp., Tokyo, Japan).

Cell viability assay
--------------------

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described ([@b20-ijmm-37-03-0690],[@b21-ijmm-37-03-0690]). The U87 glioma cells were seeded into a 96-well microplate at a density of 10^5^ cells/well. At 60--70% confluence, the cells were treated with the indicated concentrations of the QUE/TMZ-NLs, QUE-NLs, free TMZ, or control liposomes for 12 h, and then allowed to grow in drug-free medium for 24 h prior to the measurement of the cytotoxicity. The kinetics of cell death were detected at 12, 24 and 48 h following treatment with 25, 50 and 100 *µ*M of QUE/TMZ-NLs, QUE-NLs, free TMZ, or control liposomes. The cells were then washed once with PBS, and incubated with fresh, complete RPMI-1640 medium (100 *µ*l/well). MTT solution (25 *µ*l of 2 mg/ml) was added to each well. Following incubation at 37°C for 4 h, the medium was removed by careful aspiration. In order to determine the number of viable cells, the optical density (OD) of each well was analyzed using an enzyme-linked immunosorbent assay (ELISA) plate reader (μQuat, KC-Junior program; Bio-Tec, Winooski, VT, USA) at a wavelength of 570 nm. The percentage of viable cells relative to the control was obtained by dividing the average OD of the treated wells by the OD of the control wells as follows: cell viability rate (%) = OD value of treated group/OD value of control group ×100; growth inhibition rate (%) = (1 − OD value of treated group/OD value of control group) ×100.

Apoptosis assay
---------------

Apoptosis was measured by Annexin V/PI staining followed by flow cytometric analysis, as previously described ([@b22-ijmm-37-03-0690],[@b23-ijmm-37-03-0690]). The cells were incubated with various concentrations (25, 50, 100 and 200 *µ*M) of the QUE/TMZ-NLs, QUE-NLs or free TMZ for 12, 24, 36 and 48 h. The cells were then trypsinized and harvested by centrifugation at 3,000 rpm for 5 min, and incubated with Annexin V and PI for 15 min at room temperature prior to flow cytometric analysis.

Generation of a TMZ-resistant U87 (U87/TR) human glioma cell line
-----------------------------------------------------------------

TMZ resistance was induced in the U87 cells step by step to produce the U87/TR cell line. Briefly, the U87 cells were cultured in RPMI-1640 medium supplemented with 10% FBS, and incubated in 5% CO~2~ at 37°C. The parental U87 cells were then incubated with incremental induction doses of TMZ (4.0--20.0 mM). After 14 days, the TMZ concentration was increased (40, 80, 160 and 320.0 mM) in the cell culture to establish the U87/TR cells. The U87/TR cells were incubated with 320.0 mM TMZ for 7 days/month for 6 months to maintain stable drug resistance. The drug resistance was assayed by colony formation assay, as previously described ([@b24-ijmm-37-03-0690],[@b25-ijmm-37-03-0690]). The drug resistance index was determined based on the cytotoxicity of TMZ to the U87/TR cells and the parental U87 cells and measured by MTT assay.

Lactate dehydrogenase (LDH) release assay for the determination of cell death
-----------------------------------------------------------------------------

The U87/TR cells in 96-well plates were treated with free QUE, QUE/TMZ-NLs, QUE-NLs, free TMZ, control liposomes or dimethyl sulfoxide (DMSO) at 6.25, 12.5, 25, 50, 100 and 200 *µ*M in triplicate wells. Following 24 h of incubation, the LDH levels in the supernatant were measured using an automatic biochemical analyzer (Hitachi 7060, Hitachi Koki Co. Ltd., Hitachinaka, Japan).

Biodistribution assay
---------------------

After obtaining institutional approval from the Hubei Medical University Animal Care Committee, Sprague-Dawley (SD) rats (n=108, 200--220 g, 10 weeks old) were randomized for this blinded, placebo-controlled trial. All animals were handled with care and were allowed free access to water and food.

For biodistribution and plasma concentration assays, a stereo-directed instrument was used to establish the *in situ, in vivo* model of glioblastoma by inoculating the U87 cells into the cerebral cortex of the SD rats. Briefly, the animals were anesthetized by an intraperitoneal injection of xylazine (100 mg/kg body weight) and ketamine (10 mg/kg body weight) (Phoenix Pharmaceuticals Inc., Burlingame, CA, USA), and Lacri-Lube (Allergan Inc.) was applied across the cornea of the eyes. A burr hole was drilled in the skull 0.1 mm posterior to the bregma and 2.3 mm lateral to the midline. Live cells (5×10^3^ in 2 *µ*l of PBS) were administered stereotactically (Stoelting Apparatus), into the burr hole, using a Hamilton syringe with a 32-gauge needle. The needle was advanced to a depth of 2.3 mm from the brain surface and the cell suspension delivered slowly over the course of 2--3 min. Following the injection, the needle was left in place for 2min, after which time, it was raised to a depth of 1.5 mm below the brain surface and left in place for an additional 1 min. Upon withdrawal of the needle, the burr hole was sealed with bone wax and the incision sutured. The animals were randomly assigned into the control and treatment groups. The animals were weighed daily and humanely sacrificed by cervical dislocation when weight loss occurred (\>10% of body weight) or until tumors were evident, whichever occurred first. The rats in the treatment groups were administered intragastrically with the indicated drugs at 25 mg/kg body weight beginning on day 7 after tumor development. The control animals received equivalent doses of control nanoliposomes.

The SD rats in the treatment groups were randomly divided into the single-dose or double-dose groups (QUE/TMZ-NLs, QUE and TMZ group, n=18/group). At the same time point, the rats in the QUE group and TMZ group were treated with an intragastric administration (25 mg/kg body weight) of QUE or TMZ, respectively, and the rats in the QUE/TMZ-NLs group were treated with an intragastric administration (25 mg/kg body weight) of QUE and TMZ (1:1). For the first administration, the rats received a single 25 mg/kg dose of QUE/TMZ-NLs (once per day). For the repeated administration, after the first administration (12 h), the rats received repeated doses of QUE/TMZ-NLs (twice per day). Following administration, the animals were housed in cages that allowed for free movements and natural postural positions. All the animals were given free access to food and water. From each group, 3 animals were euthanized by an intravenous injection of pentobarbital (100 mg/kg body weight) at 30 min of treatment and terminal blood samples were collected at different time points (2, 4, 8, 12, 24 and 48 h). The brain, liver, heart, kidneys, lungs and spleen were also harvested and placed into pre-weighed scintillation vials. The organ samples were homogenized. QUE in the tissue homogenate was subsequently extracted by methanol/HCl (6:4, v/v), and analyzed by HPLC. For plasma drug concentration analysis, 400 *µ*l plasma samples were mixed with 1.0 ml methanol/HCl (6:4, v/v). Following incubation at 90°C for 5 h, 1.0 ml ethyl acetate was added and the samples were centrifuged at 5,000 × g at 4°C for 10 min. The supernatant was dried and reconstituted in 500 *µ*l methanol for HPLC analysis. The QUE or TMZ content in the samples was measured at 254 and 329 nm, respectively. A Diamond C18 column was used with a flow rate of 1.0 ml/min for the eluent \[methanol/0.5% acetic acid (10:90)\] for 0--19 min.

Effects of repeated administration
----------------------------------

The rats with glioma were used to assess the effects of the repeated administration of the QUE/TMZ-NLs (25 mg/kg) on the plasma drug concentration. At 0.5, 1, 2, 4, 8, 12, 24 and 48 h following administration, blood samples were collected from the eyes of 6 rats in each group, and centrifuged at 5,000 × g for 10 min to obtain plasma. The plasma drug concentrations were determined by HPLC, as described above.

Statistical analysis
--------------------

Data are represented as the means ± standard deviation (SD) and were analyzed by two-tailed Student\'s t-tests using the Statistical Program for Social Sciences (SPSS) 13.0 software (SPSS Corp., Shanghai, China). A p-value of \<0.05 was considered to indicate a statistically significant difference.

Results
=======

Preparation and characterization of QUE/TMZ-NLs
-----------------------------------------------

The size distribution of the QUE/TMZ-NLs was in the range of 100 to 300 nm, and the size distribution of the QUE-NLs ranged from 50 to 200 nm, as measured by a laser particle analyzer ([Fig. 1A](#f1-ijmm-37-03-0690){ref-type="fig"}). Transmission electron microscopy (TEM) analysis revealed that the QUE/TMZ-NLs formed spherical particles with a small diameter and a narrow size distribution compared to the QUE-NLs ([Fig. 1B](#f1-ijmm-37-03-0690){ref-type="fig"}).

UV-VIS spectroscopy revealed similar spectra of the QUE/TMZ-NLs and QUE-NLs, indicating that, as expected, the core of the QUE/TMZ-NLs remained unaltered following the addition of TMZ ([Fig. 1C](#f1-ijmm-37-03-0690){ref-type="fig"}), compared to that of the QUE-NLs, which was measured by the absorbance readings of the liposome cores. HPLC spectroscopy further revealed that the ratio of QUE/TMZ remained almost unaltered following the attachment of DSPE-PEG2000 ([Fig. 1D](#f1-ijmm-37-03-0690){ref-type="fig"}). The schematic illustration in [Fig. 1E](#f1-ijmm-37-03-0690){ref-type="fig"} presents the possible packing arrangement of the PEGylated-coated QUE/TMZ0-NLs consisting of an aqueous bilayer and a lipid core. The hydrophobic components in the aqueous bilayer and QUE and TMZ were located in the middle of the lipid core.

To further examine the drug/carrier interaction, we analyzed the FTIR spectra of QUE, QUE-NLs, TMZ and QUE/TMZ-NLs. The characteristic peaks associated with specific structural features of the drug molecules were observed in QUE, QUE-NLs, TMZ and QUE/TMZ-NLs ([Fig. 2](#f2-ijmm-37-03-0690){ref-type="fig"}), indicating that there was no substantial chemical interaction between the drugs and the carriers. The lack of drug/carrier interaction was possibly due to the high EE of QUE/TMZ in the nanoparticles in the presence of ATO and the overlapping with the -NH groups in QUE/TMZ. In addition, there were a large number of functional groups in QUE and TMZ, providing possible masking effects on the infrared peaks, which were otherwise visible.

EE and drug loading
-------------------

The loading content and the EE of QUE or TMZ in the NLs were calculated ([Table I](#tI-ijmm-37-03-0690){ref-type="table"}). The EE of QUE in the QUE/TMZ-NLs varied in the range of 69.42 to 78.37%. The EE of TMZ ranged from 53.58 to 66.25%. Compared with the EE of the QUE-NLs (85.72%), the addition of TMZ had no significant effect on the EE of QUE in the liposomes.

In vitro drug release profiles and uptake of the QUE/TMZ-NLs by human U87 glioma cells
--------------------------------------------------------------------------------------

The release profile of QUE and TMZ from the QUE/TMZ-NLs revealed sustained drug release at 37°C ([Fig. 3A](#f3-ijmm-37-03-0690){ref-type="fig"}). Within 12 h, 90% of QUE was released from the QUE/TMZ-NLs, whereas approximately 75% of TMZ was released. Approximately 90% of TMZ was released from the QUE/TMZ-NLs after 24 h.

We further examined the uptake of the QUE/TMZ-NLs by the U87 cells. The QUE/TMZ-FITC-NLs were incubated with the U87 cells and the internalization of the QUE/TMZ-FITC-NLs was analyzed using confocal fluorescence microscopy. The uptake of free QUE or TMZ dissolved in DMSO was compared at the same concentrations. The uptake of the QUE/TMZ-NLs in the cytoplasm appeared diffuse rather than punctate ([Fig. 3B](#f3-ijmm-37-03-0690){ref-type="fig"}), suggesting that the internalized drugs in the QUE/TMZ-NLs had escaped from the endosomes. By contrast, the uptake of the free drugs was substantially lower, due to the limited solubility of QUE and TMZ in the cell culture media.

QUE/TMZ-NLs exerts cytotoxic effects on the U87 glioma cells in vitro
---------------------------------------------------------------------

As shown by MTT assay, the QUE/TMZ-NLs significantly decreased the viability of the U87 cells compared with free TMZ or the QUE-NLs ([Fig. 4A](#f4-ijmm-37-03-0690){ref-type="fig"}). While free TMZ did not show any noticeable cytotoxicity towards the U87 glioma cells at the concentrations tested and the QUE-NLs caused only limited cytotoxicity, the QUE/TMZ-NLs induced significant cell death at the same concentrations, inducing a 1.5-fold increase in cytotoxicity compared with QUE at 25--100 *µ*M and a 1.8-fold increase in cytotoxicity compared with free TMZ. In addition, the QUE/TMZ-NLs induced marked morphological changes and cell death (apoptotic cells were characterized by condensed or fragmented nuclei) at 100 *µ*M following 24 h of incubation with the U87 cells ([Fig. 4B](#f4-ijmm-37-03-0690){ref-type="fig"}), whereas QUE or TMZ alone had minimal effects on cell morphology. We further demonstrated that the QUE/TMZ-NL-induced cell death was due to apoptosis. The percentage of the Annexin V^+^ cells markedly increased, and the effects of the QUE/TMZ-NLs were more prominent than those of QUE or TMZ alone, while the percentage of PI^−^ cells was very low ([Fig. 4C](#f4-ijmm-37-03-0690){ref-type="fig"}); these effects occurred in a time- and dose-dependent manner ([Fig. 4D](#f4-ijmm-37-03-0690){ref-type="fig"}).

QUE/TMZ-NLs exert cytotoxic effects on the TMZ-resistant U87/TR cells in vitro
------------------------------------------------------------------------------

Drug resistance is a major issue in the treatment of brain tumors ([@b26-ijmm-37-03-0690]). Thus, in the present study, we established a TMZ-resistant brain tumor cell line, U87/TR, in order to examine the cytotoxic effects of the QUE/TMZ-NLs. Compared with the parental U87 cells, the U87/TR cells had a significantly better ability in forming colonies in the presence of TMZ (p\<0.05), with resistance indexes in a range of 1.5--8.0 at different TMZ concentrations ([Fig. 5A](#f5-ijmm-37-03-0690){ref-type="fig"}). As shown by MTT assay, the IC50 value of TMZ was 9.24 mM in the U87 cells, and was 38.65 mM in the U87/TR cells, with a resistance index of 4.18 ([Fig. 5B](#f5-ijmm-37-03-0690){ref-type="fig"}).

Cell death was further assessed by measuring the release of LDH from the U87/TR cells treated with or without the QUE/TMZ-NLs. The QUE/TMZ-NLs significantly upregulated the release of LDH by the U87/TR cells (p\<0.01), compared with the control NLs and the DMSO control. TMZ alone had no significant effect on the release of LDH by the U87/TR cells ([Fig. 5C](#f5-ijmm-37-03-0690){ref-type="fig"}). These results indicate that the QUE/TMZ-NLs have superior anticancer effects on TMZ-resistant glioma cells.

In addition, the OD value, measured by MTT assay, which indicates the number of viable cells, was significantly decreased by the QUE/TMZ-NLs in a time- and dose-dependent manner. Compared with the same concentrations of QUE or TMZ, treatment with the QUE/TMZ-NLs resulted in significantly lower OD values ([Fig. 5D](#f5-ijmm-37-03-0690){ref-type="fig"}).

Biodistribution of the QUE/TMZ-NLs in vivo
------------------------------------------

To determine the biodistribution of the QUE/TMZ-NLs, QUE-NLs and free TMZ in rats with *in situ* glioma, we administered these NLs or free drugs intragastrically, and collected brain, liver, heart, kidney, spleen and lung samples after 2, 4, 8, 12, 24 or 48 h for HPLC analysis ([Fig. 6A](#f6-ijmm-37-03-0690){ref-type="fig"}). Compared with the QUE-NLs or free TMZ, the QUE/TMZ-NLs significantly accumulated in the brain, indicating that the QUE/TMZ-NLs would achieve improved therapeutic efficacy and potency for the treatment of glioma. Free TMZ and the QUE-NLs were accumulated in the kidneys and heart. The QUE-NLs and the QUE/TMZ-NLs were accumulated in the liver, but the content of QUE/TMZ-NLs in the brain was higher than that in the liver.

The plasma concentrations of the QUE/TMZ-NLs, free QUE and TMZ were determined after they were administered to the glioma-bearing rats ([Fig. 6B](#f6-ijmm-37-03-0690){ref-type="fig"}). In the form of QUE/TMZ-NLs, both QUE and TMZ exhibited higher plasma concentrations compared with the free drugs. The drug clearance of QUE/TMZ-NLs was also delayed. As regards the accelerated blood clearance (ABC) phenomenon with the conventional DSPE-PEG2000 modified liposomes ([@b27-ijmm-37-03-0690]--[@b29-ijmm-37-03-0690]), we further compared the plasma clearance rates of single and dual administrations. There was a slight increase in the plasma clearance rate following the repeated administration of the QUE/TMZ-NLs ([Fig. 6C](#f6-ijmm-37-03-0690){ref-type="fig"}), whereas the plasma concentration of TMZ administered as a free drug did not significantly decrease after repeated administrations.

Discussion
==========

Nanotechnology used in conjunction with existing therapies has been shown to improve the reversal of drug resistance. The related mechanisms include specific drug targeting, enhanced cellular uptake and improved bioavailability of drugs with poor physicochemical characteristics ([@b30-ijmm-37-03-0690],[@b31-ijmm-37-03-0690]). Multidrug resistance is a common issue that has been linked with the failure of chemotherapy for brain tumors. To overcome drug resistance, multiple brain tumor-targeted drug delivery systems have been developed with decreased off-target toxicity and improved pharmacokinetics/harmacodynamics compared with conventional formulations ([@b32-ijmm-37-03-0690]). Lipid nanoparticles, such as solid NLs and nanostructured lipid carriers (NLCs), have been shown to provide a favorable means for efficient drug delivery to tumor sites, while minimizing their side-effects ([@b33-ijmm-37-03-0690],[@b34-ijmm-37-03-0690]). In this study, we loaded QUE and TMZ into a PEGylated liposomal carrier, characterized its physicochemical and pharmacokinetic properties, and the antitumor potency *in vitro* and *in vivo*.

Recently, anticancer drugs with methylating properties, including TMZ, have been investigated, particularly for the therapy of malignant glioblastomas ([@b35-ijmm-37-03-0690]). Although TMZ can be administered orally and pass the blood brain barrier, its half-life is \<2 h and thus, it does not reach the tumor site at effective therapeutic concentrations. In addition, the off-target toxicities of TMZ, such as neurotoxicity and reproductive toxicity, further limit its therapeutic efficacy in the treatment of glioma.

QUE has been identified as a potential agent for cancer prevention due to its ability to suppress cancer initiation and promote programmed cell death ([@b36-ijmm-37-03-0690]). QUE is also a free radical-scavenging antioxidant owing to the abundancy of hydroxyl groups and conjugated p orbitals which donate either electrons or hydrogen, and scavenge H~2~O~2~ and superoxide anion ([@b14-ijmm-37-03-0690]). It has been reported that in low glutathione (GSH) environments, oxidized QUE reacts with thiol groups in proteins, exerting cytotoxicity towards cells ([@b37-ijmm-37-03-0690],[@b38-ijmm-37-03-0690]). On the other hand, long-term exposure to high concentrations of QUE has been demonstrated to decrease the GSH content, suggesting the inability of QUE to decrease reactive oxygen species (ROS) production for that period. As a consequence, the pro-oxidant effect of QUE may prevail over its antioxidant effect, thus resulting in cell death by damaging the cellular compartments ([@b39-ijmm-37-03-0690]).

Recent findings have increased our understanding of the pharmacological mechanisms of TMZ ([@b40-ijmm-37-03-0690]). One mechanism through which TMZ exerts cytotoxic effects through its inhibitory effect on phosphoinositide 3-kinase (PI3K), which is often overexpressed and activated in glioblastoma. It was previoulsy reported that a PI3K inhibitor sensitized glioblastoma cells to TMZ-induced apoptosis *in vitro* through an unknown mechanism ([@b41-ijmm-37-03-0690],[@b42-ijmm-37-03-0690]). In addition, QUE has been shown to inhibit the activity of PI3K, suggesting that the inhibition of PI3K is one of the mechanisms through which QUE enhances the therapeutic efficiency of TMZ ([@b43-ijmm-37-03-0690]). Further studies on drugs that enhance the potency of TMZ without significant off-target toxicity are warranted, and this would help to improve the therapeutic benefits and prolong survival.

The biodistribution and the antitumor activity of the QUE/TMZ-NLs were evaluated in the present study. Of note, the QUE/TMZ-NLs were not only more soluble in water and prolonged the circulation times of QUE in the blood, but also exerted enhanced antitumor effects by killing both drug-sensitive and drug-resistant glioma cells, which was possibly due to the high intracellular drug concentration. Other studies have also demonstrated that loading hydrophobic anticancer agents into polymersomes has the potential to reduce their systemic toxicity and enhance their antitumor effects in animal models ([@b44-ijmm-37-03-0690]--[@b46-ijmm-37-03-0690]). Phospholipid NLs represent a classic example of fully degradable drug delivery systems ([@b47-ijmm-37-03-0690]--[@b49-ijmm-37-03-0690]). PEG coating has been developed to improve the circulation properties of carriers in the bloodstream. For example, a previous study demonstrated that the PEGylation of liposomes increases their half-life from \<30 min to approximately 5 h in mice ([@b50-ijmm-37-03-0690]). Other benefits have also been found. For example, due to their dense PEG surface brush, polymersomes and filomicelles are compatible with blood ([@b51-ijmm-37-03-0690]), as they: i) remain suspended and flexible in the plasma; ii) do not adhere to red blood cells and leukocytes in the blood; iii) do not fix opsonins or activate complement; and iv) do not cause hemolysis.

In the present study, a slight ABC phenomenon was observed when repeated administrations of the QUE/TMZ-NLs were administered to the rats. The ABC phenomenon is important for the development of drug delivery systems, particularly in the case of repeated administrations of nanoparticles. Researchers have used different animal models, including rats, mice, rhesus monkeys and rabbit, to investigate the mechanism underlyingof the ABC phenomenon. Dams *et al* reported that rhesus monkeys and rats presented with the ABC phenomenon after repeated administrations of PEGylated liposomes, whereas mice did not ([@b52-ijmm-37-03-0690]). Ishida *et al* examined the liposomal characteristics that affected the ABC phenomenon and demonstrated that an intense accelerated clearance may be induced in mice ([@b53-ijmm-37-03-0690]). Although the observations of the ABC phenomenon from animal experiments and from clinical treatment may not be fully consistent, it is necessary to carefully examine the distribution in the body and the pharmacokinetics of the drugs when repeated administrations are required.

In conclusion, in this study, a novel liposomal formulation of QUE/TMZ-NLs was designed and evaluated. We demonstrated that NLs serve as an effective drug delivery platform, both *in vitro* and *in vivo*, when loaded with TMZ and QUE. Importantly, the QUE/TMZ liposomal formulation proved to be more effective at killing glioma cells than free TMZ or QUE. Biodistribution assays demonstrated that although the QUE/TMZ-NLs reached the tissues, they primarily accumulated in the brain and the liver. The ABC phenomenon was induced by the prolonged administration of PEGylated liposomes to rats and was accompanied by a substantial increase in liver uptake. Taken together, these findings indicate that this formulation possesses characteristics, such as a high drug encapsulation ratio, a low *in vitro* release rate, slow drug clearance and prolonged circulation time *in vivo*.
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![Characterization of the quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs). (A) A laser particle analyzer was used to examine the size distribution of the QUE/TMZ-NLs, QUE-NLs, and control NLs, the average diameters of which were 196.5±47.3, 134.5±42.2 and 106.8±37.6 nm, respectively. (B) Representative TEM images of the QUE-TMZ-NLs, QUE-NLs and the control NLs. (C) The UV-VIS spectra show similar traces for the QUE/TMZ-NLs, QUE-NLs and the control NLs, indicating that their cores were identical. (D) Stacked HPLC traces of QUE and TMZ. (E) Schematic illustration of the possible packing arrangement of the PEGylated-coated QUE/TMZ-NLs consisting of an aqueous bilayer and a lipid core. QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes; TEM, transmission electron microscope.](IJMM-37-03-0690-g00){#f1-ijmm-37-03-0690}

![FTIR spectra of QUE, QUE-NLs, TMZ and quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs). The presence of characteristic peaks associated with specific structural characteristics of the drug molecule are observed in the raw materials of (A) QUE, (B) QUE-NLs, (C) TMZ and (D) QUE/TMZ-NLs. FTIR, Fourier transform infrared spectroscopy; QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes.](IJMM-37-03-0690-g01){#f2-ijmm-37-03-0690}

![*In vitro* drug release profile and cellular uptake of the quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs). (A) The release of TMZ and QUE from the QUE/TMZ-NLs were monitored within a time frame of 48 h. Data are shown as the means ± SD (n=3). (B) Comparison of the uptake of the QUE/TMZ-FITC-NLs and free drugs by U87 human glioma cells was determined. Representative images taken by confocal microscopy are shown. Red, QUE or TMZ; green, cell nuclei. Scale bar, 20 *µ*m. QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes.](IJMM-37-03-0690-g02){#f3-ijmm-37-03-0690}

![Quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs) exert cytotoxic effects on the U87 glioma cells. (A) Treatment with QUE/TMZ-NL decreased U87 cell viability. Each point is the mean ± SD of 3 experiments. (B) Cell morphology was examined using a phase contrast microscope. Representative images of the indicated treatments are shown. (C and D) QUE/TMZ-NLs induced the apoptosis of the U87 cells, as measured by Annexin V-FITC/PI staining and flow cytometry. The cells were cultured with the indicated concentrations of QUE/TMZ-NLs, free QUE or TMZ for 12, 24, 36 and 48 h. Each point is the mean ± SD of 3 experiments. ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 compared with the control. QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes; PI, propidium iodide.](IJMM-37-03-0690-g03){#f4-ijmm-37-03-0690}

![Quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs) exert cytotoxic effects on the temozolomide-resistant U87 glioma cells (U87/TR cells). (A) The relative colony formation rate of the U87/TR cells following treatment with TMZ at the indicated concentrations. (B) The effects of TMZ on the viability of U87 and U87/TR cells. (C) Cell death was measured by the release of LDH from the U87/TR cells. (D) Treatment with QUE/TMZ-NLs decreased the viability of the U87/TR glioma cells as measured by MTT Assay. ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 compared with the control. QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes.](IJMM-37-03-0690-g04){#f5-ijmm-37-03-0690}

![Biodistribution and clearance of the quercetin and temozolomide-loaded nanoliposomes (QUE/TMZ-NLs) compared with the QUE-NLs or free TMZ. (A) The biodistribution of QUE and TMZ in the QUE/TMZ-NL, QUE-NLs and free TMZ in the brain, liver, heart, kidneys, lungs and spleen of glioma-bearing rats. The y-axis in all images was normalized to the total content of QUE and TMZ divided by the weight of the organ. This value is then divided by the initial QUE or TMZ content administered in each rat. ANOVA analysis showed statistical significance (^\*^p\<0.05 and ^\*\*^p\<0.01) compared with the QUE-NLs and free TMZ. (B) Plasma drug concentrations were shown at the indicated time points after the administration of a single dose of TMZ at 25 mg/kg, QUE-NLs at 25 mg/kg, and 2-in-1 QUE/TMZ-NL with QUE at 25 mg/kg and TMZ at 25 mg/kg. ^\#^p\<0.05 for the TMZ concentration difference between free TMZ and 2-in-1 QUE/TMZ-NLs. ^\*^p\<0.05 for the QUE concentration difference between QUE-NLs and QUE/TMZ-NLs (means ± SEM, n=6). (C) Blood clearance of QUE and TMZ in glioma-bearing rats after a single administration or dual administrations of QUE/TMZ-NLs. The plasma TMZ concentration decreased significantly at 1, 2 and 4 h after the repeated administration of QUE/TMZ-NLs. ANOVA revealed statistical significance (^\*^p\<0.05 and ^\*\*^p\<0.01) compared with the QUE-NLs and free TMZ. QUE, quercetin; TMZ, temozolomide; NLs, nanoliposomes.](IJMM-37-03-0690-g05){#f6-ijmm-37-03-0690}

###### 

The loading content, EE, particle size, PI and ζ-potential of lipid formulations of QUE/TMZ.

  Lipid formulations   Size (nm)    PI          ζ-potential   Loading content (%)   EE (%)
  -------------------- ------------ ----------- ------------- --------------------- --------------
  QUE-NLs              134.6±62.2   0.26±0.06   21.8±5.4      26.23±2.34            85.72±9.34
  QUE/TMZ-NLs          196.5±47.3   0.32±0.09   30.5±6.9      --                    --
  QUE/TMZ-NLs (QUE)    --           --          --            23.42±2.17            69.42--78.37
  QUE/TMZ-NLs (TMZ)    --           --          --            15.87±1.96            53.58--66.25
  Control liposomes    106.8±37.6   0.17±0.04   16.6±3.8      --                    --

Data represent the means ± SD of 3 separate experiments (n=3). EE, entrapment efficiency; QUE, quercetin; TMZ, temozolomide; PI, propidium iodide; NL, nanoliposome.
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